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5 OPTICAL INTEGRATED CIRCUITS (ICs) 

BACKGROUND OF THE DISCLOSURE 
Field of the Invention 

10 The present invention relates to methods and apparatus for fabricating optical 

devices, such as optical integrated circuits (ICs). 

Description of the Background Art 

Communications systems utilizing optical components (e. g., splitters, 

15 routers, couplers, filters, etc.) are being used to address bandwidth issues in the 
communications industry. Such optical components may be fabricated as planar optical 
waveguide structures. Figure 1 is a cross section of an exemplary waveguide structure 
100. Planar optical waveguide structures are formed on a planar surface of a substrate 102 
and typically comprise a core 104 surrounded by one or more cladding layers 106, 108. 

20 The core material has a higher index of refraction relative to the one or more layers of 
cladding material, to optically confine a light beam propagating within the optical 
waveguide. Currently, separate materials are being used to form each of the core 104, 
lower cladding 106, and the upper cladding 108. 

Fabrication of planar optical components on silicon and silica substrates currently 

25 exists. These fabrication methods advantageously seek to use processing equipment 
traditionally used in integrated circuit (IC) fabrication. Currently, the size, shape and 
degree of integration of optical devices and integrated circuits on a common substrate are 
constrained by the size and shape of the substrate. Further, unlike IC designers who 
commonly utilize both vertical and horizontal structures in IC device design and 

30 fabrication, optical devices are generally constrained to pathways travelling in a single 
plane with stringent constraints on pathway curvature. As a result of these constraints, 
optical device layouts and fabrication methods favor die shapes having elongated 
rectangular dimensions. 

For integrated optical device system fabrication, the number of devices that can be 

35 fabricated on a single substrate is limited by the size of the devices that can be formed on a 
circular substrate as well as device interconnections required for coupling them together. 
Because of the size limitation of the optical devices, often a circuit comprising multiple 
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5 optical devices must be formed on one or more substrates, and be externally connected 
together by optical fibers in order to form the desired optical system. The use of external 
optical fibers to couple the optical devices increases optical losses and reliability of optical 
systems utilizing them, rendering less than satisfactory performance of the circuit. 

A problem with silicon substrates, besides the circular shape, is it must be isolated 

10 from the waveguide to avoid interfering with the light wave traveling down the 
waveguide. light waves traveling in a waveguide comprise two orthogonally polarized 
modes. For waveguide applications, one polarization is horizontal to the substrate and the 
other polarization is orthogonal to the substrate. If the lower cladding is too thin, the two 
orthogonal modes see a different effective refractive index resulting in birefringence, a 

15 consequential dispersion phenomenon that would limit the width of the transmission 
window. In order to minimize the effect of birefringence on optical devices formed on 
silicon substrates, a relatively thick, e.g., about 15um to about 30um, lower cladding is 
needed to serve as a buffer layer. 

A conventional waveguide structure requires at least three deposition steps and one 

20 mask level. For example, the lower cladding layer must first be deposited to isolate the 
substrate from the waveguide. Next, a core layer is deposited and patterned to form the 
waveguide paths. An upper cladding layer is then deposited thereover. The upper 
cladding layer must be thick enough to prevent interference from external ambient light, 
i.e., light from the environment outside the device. In addition, each of these layers may, 

25 and currently do, require post deposition heat treatment to obtain the desired optical 
properties. 

Another problem with silicon substrates in optical device fabrication results 
because the substrate and the material layers comprising the waveguide structure each 
have a different coefficient of thermal expansion (CTE). During fabrication, the substrate 
30 and the material layers of the waveguide structure are exposed to several heat cycles. 
These heat cycles as well as the different CTEs may cause the material layers of the 
waveguide structure to shrink more than the substrate, undesirably bowing the substrate. 
This also introduces stress in the films. This effect increases as larger and larger silicon 
substrates are used. 

35 
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5 SUMMARY OF THE INVENTION 

A method of forming an integrated optical device, comprising forming one or more 
optical waveguide components on a substrate having an area greater than about 400 cm 2 . 

A method of forming an optical device on a substrate, comprising depositing one 
or more of a lower cladding, a core and an upper cladding and heat treating one or more of 
10 the lower cladding, the core and the upper cladding in situ following deposition thereof. 

A method for forming an optical device on a substrate, comprising forming a lower 
cladding on a substrate; depositing a core material on the lower cladding; patterning and 
etching the core material to form one or more optical devices; depositing an upper 
cladding on the lower cladding and the optical devices by depositing at least a portion of 
15 upper cladding and heat treating the deposited portion in situ. 

A method of fabricating multiple optical devices on a substrate, comprising 
positioning a substrate in a first processing chamber; depositing a lower cladding on the 
glass panel; densifying the deposited lower cladding; positioning the glass panel in a 
second processing chamber; depositing a core layer on the lower cladding; patterning and 
20 etching the core layer to define a pattern of optical devices; positioning the glass panel in a 
third processing chamber, and depositing an upper cladding over the patterned optical 
devices. 

A processing system for fabricating optical devices, comprising a transfer chamber 
~ having a robot disposed therein; one or more deposition chambers connected to the 
25 transfer chamber, the deposition chambers selected from the group of a USG chamber, a 
PSG chamber, and a BPSG chamber; and at least one densification chamber connected to 
the transfer chamber. 

A method for forming a portion of an optical device on a flat panel, comprising 
positioning a flat panel in a first processing chamber on a processing system; depositing a 
30 lower cladding layer on the substrate; positioning the substrate in a densification chamber 
on the same processing system and treating the substrate therein; positioning the substrate 
in second deposition chamber to deposit a core layer on the lower cladding layer; and 
positioning the substrate in the densification chamber on the processing system and 
treating the substrate therein. 
35 A method for forming a waveguide structure, comprising forming a light 

propagating channel in a lower cladding; filling the light propagating channel with a core 
material to form a core; and forming an upper cladding over the core. 
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5 A method of forming waveguide structures, comprising depositing a lower 

cladding on a substrate; forming a light propagating channel in the lower cladding; 
depositing a core material in the light propagating channel; and bonding an upper cladding 
to the upper surface of the lower cladding and the core. 

In one aspect, the invention generally provides method and apparatus for forming 
10 planar optical devices on substrates having sufficient optical properties to minimize 
birefringence or to serve as a part of the device. 

In another aspect, a method of forming an optical device using a damascene 
process is provided. 

In another aspect, a process of forming an optical device is provided in which an 
15 upper cladding is bonded to an upper surface of the lower cladding and the core. 

In another aspect, a method of forming optical devices on large area substrates is 
provided. 

In another aspect, a method of fabricating integrated optical devices is provided in 
« which a quartz, silica or fused silica substrate is used as a board on which devices can be 
20 formed or otherwise mounted. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The teachings of the present invention can be readily understood by considering 
the following detailed description in conjunction with the accompanying drawings, in 
25 which: 

Figure 1 is a cross section of an exemplary waveguide structure. 
Figure 2 is a schematic of an integrated optical device; 

Figure 3 is a schematic of a large area device having a plurality of input/output 
connections; 

30 Figure 4 is a schematic of a high capacity integrated optical device; 

Figure 5 is a schematic plan view of an exemplary processing system that can be 
used for the practice of embodiments described herein; 

Figures 6-8 are cross sectional views of various devices formed on or in a substrate 
according to embodiments of the invention. 
35 Figure 9 is cross section of an alternative core structure of an optical device. 

Figure 10 is a cross section of an alternative core structure of an optical device. 
Figure 1 1 is a cross section of an alternative core structure of an optical device. 
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5 Figure 12 is a cross section of an alternative core structure of an optical device. 

DETAILED DESCRIPTION 

In one aspect, embodiments of the invention provide methods for fabricating 
optical devices on large area substrates made of materials such as quartz, silica, fused 

10 silica and the like. Using technology known in the flat panel display art, optical devices 
having superior performance to those formed on silicon are fabricated and can be 
integrated onto a large area substrate thereby enabling complex connections and circuit 
integration of devices. In another aspect, large area substrates are utilized to enable the 
fabrication of devices directly thereon as well as the assembly of other devices onto the 

15 substrate on which at least some devices have been fabricated. In another aspect, an 
integrated processing system and processes are provided which enable deposition of 
materials and densification of the deposited layers in situ, i.e., without exposing the layer 
to atmosphere. In another aspect, embodiments of the invention are directed to the 
fabrication of optical devices using damascene fabrication techniques. In still another 

20 aspect, embodiments are directed to lamination fabrication techniques used to form an 
upper cladding on an optical device. 

Optical devices formed according to aspects of the invention are preferably formed 
on substrates of sufficient optical quality to function as a part of the device or to minimize 
the effects of birefringence. One property which is desirable in the substrate is a refractive 

25 index which makes the substrate suitable as a cladding material in an optical device. The 
substrates can also be made of a material having sufficient optical properties to enable the 
substrates to be used as a cladding layer without adversely impacting the efficient optical 
operation of the core material. Examples of substrates which are suitable for embodiments 
of the invention include, but are not limited to, glass panels, e.g., quartz, silica and fused 

30 silica substrates. 

Substrates that can be used to advantage include, but are not limited to, noncircular 
substrates having an area greater than about 400cm 2 . Exemplary substrates include, but 
are not limited to, rectangular or square substrates used in flat panel display fabrication 
having dimensions of, for example, about 370mm x 470mm or larger. Substrates having 

35 rectangular dimensions as large as 1 meter x 1.5 meter are currently being investigated for 
use in flat panel display fabrication and are suitable for optical device fabrication. 
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5 A. Large Area Substrates and Large Area Integration of Optical Devices 

In one aspect, the invention provides embodiments which use large area substrates 
to enable the fabrication of large dimension optical processing devices, increased capacity 
optical processing devices as well as the integration of a plurality of optical processing 
functions into an optical processing device formed on a single substrate. In another aspect 
10 of the invention, the substrate material may also be selected so that the substrate may also 
form a portion of the device, such as for example, where the substrate acts as a cladding. 

1. Large Area Substrate 

The use of large area substrates enables the fabrication of single die optical 

15 processing structures having overall dimensions greater than the largest conventionally 
sized and shaped substrates available using current optical device fabrication techniques. 
Current fabrication of optical devices is limited by the available area of the substrates on 
which the devices are fabricated. Conventional fabrication techniques utilize circular 
substrates, e.g., silicon, having diameters of 100mm, 125mm or 150mm. Because optical 

20 devices formed on substrates tend to utilize generally planar propagation pathways, 
designs seeking longer propagation pathways may impose designs that introduce bends to 
fit the design on the substrate real estate. The bends result in additional losses and the 
compromised design may also result in other negative operating constraints that adversely 
impact device performance. The fabrication of an optical processing device onto a large 

25 area substrate, for example a substrate used to fabricate a flat panel display, enables 
fabrication of components or devices which can include linear propagation pathways 
longer than can currently be fabricated on the smaller substrates. For example, a linear or 
nearly linear arrangement of optical processing components having a propagation pathway 
of about fifteen (15) inches in length can be formed on a large area substrate, such as a 

30 400mm x 500mm (about 15.7 inches x 19.6 inches) flat panel. Some flat panels are larger 
than 1 square meter so even larger component arrangements may be realized. The ability 
to form a linear or nearly linear cascading arrangement of optical components for a 
particular optical device provides design freedom not found in conventionally sized and 
shaped substrates. In contrast, the same degree of component integration on a circular 

35 substrate typically requires a bending radius to be incorporated into the design in order to 
accommodate the desired components. The smaller area available on conventionally sized 
and shaped substrates also results in many optical components being fabricated elsewhere 
and then assembled on the substrate. The integration of these externally formed 
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components requires that additional optical pathways be provided between the additional 
components to realize the desired design. Typically, fiber optic cables function as optical 
connectors between components to achieve the desired design. However, both bending 
radius and optical connectors as used with conventionally sized and shaped substrates 
introduce propagation losses in the optical signal being processed. As a result, such 
alterations to the signal processing design may cause the signal to be attenuated below a 
useful level, resulting in a need for amplification. 

Accordingly, in one embodiment of the invention, optical devices are formed on 
large area substrates having an area greater than about 400cm 2 . Using large area substrates 
and equipment designed to efficiently process such substrates enables devices to be 
designed with lower loss propagation pathways (i.e., propagation pathways that need not 
resort to bending designs or external optical connectors.) 

Another advantage of using large area substrates in the fabrication of optical 
devices is increased utilization of substrate real estate. In commercial production, non- 
circular large area substrates can be used to produce a larger number of conventional 
optical devices on a single substrate with increased percent utilization of the substrate. 

Additionally, the use of square or rectangular substrates provides a common form 
factor between the substrate and the die on which devices are formed resulting in more 
efficient utilization of the substrate. Table 1 shows that this utilization is preferably greater 
than about 75% and can be as high as 100%. 

While examples are provided herein comparing rectangular and circular substrates, 
each having rectangular die formed thereon, aspects of the invention contemplate all large 
area non-circular substrates. Generally, aspects of the invention contemplate substrates 
capable of having die formed thereon having an overall area of at least about 400cm 2 . 
Table 1 shows a comparison of the number of devices, illustratively 4mm x 100mm or 
2mm x 50mm devices, and the area utilization that can be achieved on a 300mm circular 
substrate and a 400mm x 500mm substrate. 



Table 1 

Device Size 4mm x 1 00mm 2mm x 50mm 

Substrate Size 300mm 400x500 300mm 400x500 

No. of Devices 110 500 564 2000 

Area Utilization 62% 100% 80% 100% 
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Additionally, a 620mm x 750mm substrate yields 4650 2mm x 50mm devices with 100% 
utilization of the substrate and 1122 4mm x 100mm devices with 96% utilization. The 
similar form factor of the die and the substrate in addition to the large area provides 
efficient commercial utilization of the substrate with a high yield in die. 

Additionally, larger die lengths can be manufactured using the larger area 
substrates. For example, conventional 400mm x 500mm substrates can be used to make a 
plurality of die having a length of 20cm. Using a 200mm circular substrate, the die length 
is Hmited to less than 20 cm and only one die having a length of about 20cm can be 
fabricated on each substrate due to the constraints on substrate real estate. However, using 
non-circular substrates having an area larger than 400cm 2 enables the fabrication of 
multiple devices having a length of for example 20cm or longer. Additionally, as 
substrate sizes increase, for example to one (1) square meter, more devices having longer 
lengths can be fabricated. Die sizes which can be fabricated on a single substrate include a 
plurality, e.g., more than one, die having a length of at least about 6 inches up to about 1.5 
meters. 

In one embodiment, a large area substrate is advantageously employed to fabricate 
an optical component or device die having a major dimension and a minor dimension 
where the major dimension of the optical component or device die is longer than about 15 
cm. In another embodiment, the major dimension of an optical component or die is nearly 
as long as the major dimension of the large area substrate used to form the device. In still 
another embodiment, the major dimension of a single optical device or component die is 
from about 15 cm to about 1.5 meters. 

2. Large Area Integration 

i. Signal Processing Integration 

As optical devices gain increased usage in communications and other systems, 
integration of devices to form more sophisticated devices is anticipated. Embodiments of 
the present invention provide for multiple optical signal processing components formed 
onto a single substrate wherein a seamless propagation path or core joins the various 
optical processing components. Large area integration enables optical signal processing 
component integration whereby multiple components may be fabricated onto a single 
integrated optical signal processing device die to accomplish the desired signal processing 
steps. In this context, integrated optical signal processing device refers to the use of a 
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seamless propagation path or core to couple together the individual optical components. 
Thus, the use of large area substrates also enables integration of multiple optical signal 
processing components onto a single substrate without utilizing external fiber optic 
connections between the various planar optical processing components. 

Large area integration of optical processing components enables optical component 
designers to arrange a plurality of optical processing components to produce a desired 
resulting optical signal. In one example, an integrated optical device may be formed in 
accordance with the present invention by fabricating several passive optical processing 
components integrally formed together and joined by a seamless propagation pathway. 
Figure 2 illustrates one example of an optical device 200 which may include components 
such as a multiplexer or de-multiplexer 202, an add/drop filter 204, a switch 206 and a 
multiplexer or de-multiplexer 208, all of which could be fabricated on a single die and 
utilizing a seamless core to propagate the optical signal between the various components 
of the device. The above example is for purposes of illustration and not limitation and 
represents only an exemplary integrated optical component optical signal processing 
device. Various optical components such as, for example, couplers, splitters, filters, array 
waveguide gratings, Bragg gratings, taps, attenuators, multiplexers, de-multiplexers, can 
be integrated onto a single substrate and connected together to form an integrated optical 
circuit to achieve desired signal processing. The large area integration aspect of the 
present invention enables the fabrication of a wide variety of integrated component optical 
processing devices. Those of ordinary skill in the art will appreciate that embodiments of 
the invention enable a wide variety of integrated component optical processing devices to 
be designed and fabricated. It is to be appreciated that the individual optical components 
are integrated together by a seamless core through which the operation of the integrated 
component optical device is achieved. 

Conventional fabrication techniques require separate components to be fabricated 
and connected to one another using external connections to form the overall device. The 
use of external connections introduce propagation losses into the device. The use of a 
seamless core between components eliminates or substantially minimizes the losses 
associated with the use of external optical fiber connections between individual optical 
components. These losses can include propagation and insertion losses associated with 
any gaps present in a connection between an optical fiber connector and an optical 
component, misalignments in the optical fiber connector introduced by changes in the 
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optical component structures being connected or by changes in the materials making up 
the connector itself. Device integration has the benefit of increased reliability resulting 
from the elimination of external fiber connections. Also, the typical insertion losses 
resulting from coupling round fiber connectors to generally square core structures is 
eliminated, at least in the integrated device which is formed. 

In another aspect of the invention, large area integration is used to facilitate the 
connection of an increased number of input/output optical fibers directly onto an optical 
device. Figure 3 illustrates an optical component 300 having a large number of I/O 
connections 302A-302B. Generally speaking, increased substrate area enables increased 
I/O capacity of optical processing devices formed on such a substrate. In general, optical 
fibers have a circular core approximately 8 microns in diameter that is surrounded by a 
cladding such that the overall diameter of the structure is about 125 microns. As the 
number of optical fibers connected to the device increases, more area is needed to 
accommodate the overall core/cladding structure of each optical fiber input/output 
connection. 

This large area integration advantage provides larger dimensions to accommodate 
more input/output optical fibers. As device usage increases and the need for bandwidth 
increases, the integration of larger devices formed on larger substrates having an increased 
number of inputs and/or outputs can be fabricated. Because most devices are currently 
connected at some point to an external optical fiber utilized to transport light over long 
distances or between devices, additional area is needed to provide connections between the 
fibers and the optical device. As one example, a cross connect (interconnect) can 
advantageously be fabricated which has an increased number of connections and cores to 
accommodate an increase in the required capacity of the device. In the example of cross 
connects, the use of a large area substrate enables the design of larger cross connect die 
which can accommodate more input and output connections for optical cables. In 
addition, the use of quartz, silica or fused silica substrates provides an advantage of fusion 
bonding between the optical fibers and the optical components. Optical processing devices 
formed using conventionally sized and shaped substrates are limited in the size of the 
devices that can be fabricated and the ability of those size devices to accommodate an 
increasing number of fiber optic cables. Thus, the ability to connect multiple optical fibers 
to a device requires sufficient substrate real estate to accommodate the physical 
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connection to the optical component. The ability to physically accommodate additional 
fiber optic connections enables a wider range of optical signal processing. 

In another aspect of the invention, large area integration enables designers of 
optical signal processing devices to design and employ high capacity optical signal 
processing components. As the multiplexing capability of optical signals onto a single 
optical fiber increases and the number of individual fiber optic cables that can be coupled 
to an optical device increases, the number of individual optical signals to be processed also 
increases. Thus, there is a need for designers to have the freedom to design individual 
optical processing components having an increased optical signal processing capacity. 
Some designs would benefit from a large area in which to design propagation pathways 
that would enable a plurality of individual optical signals to be processed in parallel. 
Figure 4 illustrates an integrated optical device 400 having multiple optical components 
which can process an increased number of optical signals introduced into the device. The 
representative device shown in Figure 4 includes inputs on the left and outputs on the right 
and optical processing devices 404A-404B representing the "high signal processing 
capacity". For example, a filter having the capability to process the influx of signals from 
(a) an increased number of optical fibers connected to the device and/or (b) one or more 
optical fibers each carrying highly multiplexed optical signals. The signals are input and 
demultiplexed, for example, for further processing by the high capacity processing 
components formed on the substrate. The processing components require additional area 
to accommodate the additional propagation pathways to achieve the desired processing 
capacity. 

Hs Assembly I ntegration of Devices Onto A Large Area Substrate 

In another aspect of the invention, a large area substrate is used as a common 
carrier on which devices can be directly formed and on which other optical devices can be 
mounted. The devices are then connected to one another using conventional techniques 
utilizing optical fiber connections or pigtails. Optical components can be formed on a 
large area substrate, referred to herein as an optical signal processing panel, and other 
components mounted or affixed to the large area substrate. An optical processing panel as 
described herein refers to an assembly process for fabricating integrated optical processing 
components to form optical processing devices. In one embodiment, an optical processing 
panel according to aspects of the invention comprises a plurality of passive optical 
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processing components formed or fabricated on the optical processing panel In one 
aspect, some or all of the cladding or core of these passive optical processing components 
are formed using the processing systems and methods described herein. For example, an 
optical processing panel can include a substrate with sufficient optical quality and 
characteristics to form a part of the cladding with a plurality of optical processing 
components formed thereon. In another aspect of the invention, some or all of the 
plurality of optical processing components are formed using a damascene processing 
technique such as that described in greater detail below. In yet another aspect, a cluster 
tool processing technique described below may be used to fabricate all or part of the 
plurality of optical processing components formed on the optical processing panel. It is to 
be appreciated that other embodiments of the invention may utilize any combinations of 
the various aspects of the invention presented herein. For example, an optical processing 
panel may comprise a plurality of passive optical processing components formed using the 
substrate as a cladding material, forming a seamless core using a damascene process 
where deposition and/or densification of the core or other deposited cladding material is 
performed in situ in a cluster processing system. 

In an alternative embodiment of an optical processing panel, some passive optical 
processing components are formed on the optical processing panel as described above and 
other components are fabricated elsewhere are then bonded, joined, laminated or otherwise 
suitably affixed to the optical processing panel. The components fabricated elsewhere can 
include passive optical processing components, active optical processing components, or 
electronic components. It is also to be appreciated that IC on glass techniques may also be 
used to integrate the operation of an electronic integrated circuit into the operation of the 
optical processing device. 

One method of forming an integrated optical device comprises forming one or 
more passive optical devices on a substrate having an area greater than about 400cm 2 . 
Preferably, the substrates are square or rectangular in shape to conform to the common 
shape of the die having the optical devices formed thereon. Additionally, one or more 
active and/or passive devices can be assembled onto the substrate on which the passive 
devices have been formed to from an integrated optical device. Examples of the passive 
devices which can be formed on the substrate include, but are not limited to, waveguides, 
splitters, filters, couplers, cross connects, multiplexers, de-multiplexers and combinations 
thereof. 
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While the description above details individual optical devices, the methods and 
apparatus of the present invention may be advantageously utilized to fabricate an optical 
device that integrates several optical components into a single integrated structure formed 
on a single substrate. Such an integrated optical device would not require as many 
interconnection steps as required when several individual devices are fabricated 
individually and then joined together to form a device or connected together to perform a 
specified optical processing function. 

iii. Electrical and Optical Component Integration 

Another area of integration includes fabricating both optical devices and electronic 
devices on the same substrate. In one embodiment, an optical processing panel is 
employed to form an optical processing device that utilizes both optical signal processing 
components and electronic signal processing components in an integrated optical 
processing device. The electronic signal processing components may be formed 
elsewhere and then affixed to the optical processing panel as described above using for 
example, IC on glass techniques. However, the methods and apparatus of embodiments of 
the invention may be employed to fabricate an optical processing panel having both 
optical processing components and electronic processing components integrally formed 
onto the optical processing panel. In one embodiment, an optical processing panel is 
patterned to form the optical components and the area set aside for the electronic 
processing components is masked. After the optical processing component and device 
fabrication is completed, those areas are masked and the area set aside for the electronic 
processing components is unmasked and the electronic processing components are formed 
thereon. It is to be appreciated that the order of fabricating either the optical processing 
components or the electronic processing components at first maybe reversed. It is also to 
be appreciated that embodiments of the present invention may be used to fabricate both 
electronic and optical processing components simultaneously using embodiments and 
methods of the cluster tool or process sequences described herein. 

B. Integrated Processing System 

An integrated processing system according to embodiments of the invention refers 
to deposition process selection to enable the deposition of a particular material as well as 
process sequence selection to enable the ordered deposition of a particular structure. 
Examples of deposition process selection includes, but is not Hmited to, processes for the 
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5 deposition of cladding or core materials used to form an optical component. Process 
selection also includes processes used to deposit other materials useful in the fabrication of 
optical signal processing components. For example, an encapsulation material may be 
deposited over a layer of an optical processing component for the prevention of moisture 
absorption, particulate damage or other degradation of the layer(s) or material(s) disposed 

10 thereunder. In a particular example, an encapsulation layer may be deposited over a 
deposited and densified BPSG cladding layer to prevent moisture from being absorbed 
into the BPSG film. Process selection may also include the deposition of other materials, 
such as, for example, a hardmask material deposited over a cladding layer or the core 
which is used in a later lithography and patterning processing step. Processing chambers 

15 selected to enable these and other types of process selection to enable a variety of material 
deposition include, but are not limited to, chamber capable of depositing undoped silica 

* glass (USG); doped silica glass such as, for example, boron and phosphorus doped silica 
glass (BPSG) or phosphorus doped silica glass (PSG); amorphous silicon, polysilicon, 
silicon nitride (Si 3 N 4 ), silicon oxynitride (SiON), germanium oxide (Ge0 2 ), other doped 

20 materials, such as rare earth (Lanthanide series material, such as erbium, praseodymium, 
etc.) doped materials and the like. 

Integrated processing system also refers to the advantageous arrangement of 
particular processing chamber on a cluster tool to enable not only high throughput optical 
component and device fabrication but also specialized integration of processing sequences 

25 to address specific challenges of optical device and component fabrication. 

Processing systems capable of providing both process sequence selection and 
cluster tool processing chamber capabilities for optical component and optical device 
fabrication are available from AKT, Inc, located in Santa Clara, California. One such 
system is the AKT 1600 processing system which is schematically shown in Figure 5. 

30 The processing system 500 can be configured to include one or more processing chambers 
502A-502C such as, but not limited to, a USG chamber, a PSG chamber and/or a BPSG 
chamber, a physical vapor deposition (PVD) chamber, and at least one post deposition 
treatment chamber 504, such as a thermal anneal chamber. Other processing chambers 
may be included, or the above chambers may be utilized for the deposition of 

35 encapsulation materials as well as masking materials. Other deposition systems and 
processes such as spin-on coating, silk screening, capillary coating, spray-on coating, sol 
gel coating as well as deposition and formation of organic (polymeric coatings) and 
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inorganic materials are contemplated for forming one or more materials in the optical 
devices as described and referred to herein. 

The post treatment chamber 504 is useful for performing, when needed, 
densification, consolidation and stress relief processing of deposited films used in the 
fabrication optical processing components and devices. Appropriate heat treatment 
processes in the context of optical signal component and device fabrication includes, but is 
not necessarily limited to, densification, consolidation and stress relief of a material. An 
exemplary processing chamber is an AKT 1600 PECVD Chamber and an exemplary 
thermal anneal chamber is a rapid thermal anneal chamber, such as a lamp heated thermal 
anneal chamber available from Applied Materials, Inc. located in Santa Clara, California. 
Other chambers and process can include physical vapor deposition (PVD) chambers and 
processes. Additional systems such as lithography and etching systems are also utilized to 
form desired structures through conventional patterning and etching processes. 

One advantage of a cluster tool system, such as the AKT system described above, 
having a post deposition treatment chamber disposed thereon is that films deposited in the 
system can be densified, consolidated or otherwise heat treated in situ {i.e., without the use 
of an external heat treatment apparatus such as a furnace), thereby eliminating the risks 
associated with exposing deposited, non-heat treated firms to atmosphere. Additionally, 
the number of chambers and sequence of operating those chambers may be 
advantageously selected to provide for multiple deposition and densification processes to 
be performed sequentially without exposing the substrate to atmosphere. In one 
embodiment, a rapid thermal anneal chamber can be used to rapidly anneal and densify 
films deposited in the processing system. Processing systems can be configured to 
perform the process sequences described below and others useful in the fabrication of 
optical processing components and devices. 

In one process sequence utilizing an integrated processing system, an cladding 
layer and then a core layer can be deposited in a single process chamber. The processing 
system is configured to include at least one chamber which can deposit materials suited for 
use as cladding and core layers. For example, a cladding layer may be formed by 
depositing a layer of USG and a core layer may be formed by depositing a layer of PSG. 
The substrate can then be moved to another system in which appropriate patterning and 
etching can be performed. Following patterning and formation of the core light 
propagating channels, the substrate can be returned to the same deposition processing 
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system or to a different processing system where an upper cladding, such as BPSG, can be 
deposited over the patterned core structures. Following deposition of the upper cladding, 
the substrate can be moved in situ to a rapid thermal anneal chamber, or other thermal 
anneal chamber, so that an appropriate heat treatment process may be performed on the 
upper cladding layer. It is to be appreciated that while the process described above 
describes the use of a heat treatment chamber after the disposition of the entire multi-layer 
stack, the process sequence for the formation of a single layer in a multi-layer stack may 
include sequential processes performed in a deposition chamber and a heat treatment 
chamber. 

In another process performed in an integrated processing system, a lower cladding, 
such as USG, is deposited in a first chamber, a core, such as PSG, is deposited over the 
under cladding in the same chamber or a different chamber, and then a hard mask, such as 
poly silicon or amorphous silicon, is deposited over the core in another chamber. The 
processing system is configured with chambers capable of depositing the under cladding, 
the core, and the hard mask so that the substrate can be processed in a single system before 
being moved to a patterning and etching system. These films can be deposited in the same 
chamber or in separate chambers. In embodiments where the films are deposited in a 
single chamber, the processing system can be configured with three chambers capable of 
depositing each of the films. 

In another process performed in an integrated processing system, a single material 
is deposited sequentially in a plurality of chambers. The system can be configured with 
more than one chamber designed to deposit the same film so that the substrate can be 
sequentially moved through the chambers to deposit the desired film thickness. This may 
be advantageous where a film thickness is required which may lead to particle generation 
if the entire film is deposited in a single chamber. As an example, a chamber is typically 
cleaned after a select amount of material is deposited therein. If the amount of deposition 
required to form a single layer exceeds an amount which can safely be deposited in the 
chamber without particle issues, then a sequential deposition step may be utilized. 

In another process performed in an integrated processing system, multiple step 
deposition processes can be carried out wherein a portion of the film is deposited and then 
annealed prior to continued deposition to provide a complete film. As one example, a 
system can be configured with one or more processing chambers configured to deposit a 
lower cladding , a core, an upper cladding or a combination of any of the above and a post 
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treatment chamber to density the film. This deposition/densification cycle may be 
necessary in applications where the total film thickness exceeds that which can be 
efficiently and adequately densified. 

hi another process performed in an integrated processing system, each of the films, 
e.g., the lower cladding, the core and the upper cladding, can be deposited in a separate 
chamber and a post treatment chamber can also be provided to enable treatment of the film 
without breaking vacuum. 

The processing chamber used to deposit the films can include CVD capable of 
depositing CVD films over a wide range of process conditions. The processing chambers 
can be employed to deposit a variety of CVD films including low temperature process 
films and high temperature process films. Some specific applications include TEOS 
(tetraethylorthosilicate) or silane based PECVD and SACVD (subatmospheric CVD) 
chemistries, including the deposition of undoped silicon oxide (USG) and doped silicon 
oxides such as boron phosphorus silicate glass (BPSG), phosphorus silicate glass (PSG) 
and fluorine-doped silicate glass (FSG). Similarly, silicon nitride (Si 3 N 4 ), silicon carbide, 
SiO x N y , amorphous silicon and other layers can be deposited using the apparatus of the 
present invention. The CVD chambers can include mixed frequency chambers which are 
capable of controlling film composition, including dopant incorporation into the film. 
Additionally, an erbium doped core structures could also be fabricated. 

Other processes which can be used to deposit materials used in the fabrication of 
optical devices include physical vapor deposition (PVD) performed in PVD chambers. 
The chambers are adapted to deposit materials on large area substrates using sputtering 
techniques. 

Thermal anneal chambers are used to densify or homogenize the deposited layers. 
Homogenization and densification can be used to enhance the optical qualities of the 
deposited layers. It is believed that the thermal annealing process removes any dangling 
constituents in the layer that may result in less than desirable optical performance of the 
devices. Additionally, thermal treatment of the layer affects the lattice structure of the 
film in a manner to enhance the optical properties of the layer. Thermal anneal can also 
provide flow in a gap fill process where a material such as BPSG is flowed between 
adjacent core light propagating channels. Additionally, thermal anneal processes provide 
stress relief to the deposited films. 
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The integrated processing system and the material deposition process sequences 
described above may be advantageously utilized to fabricate optical processing 
components and devices having a difference in refractive index (A n) of about 0.6% 
between the cladding materials and the core. It is to be appreciated that embodiments of 
the present invention may also be advantageously employed to deposit materials and 
fabricate structures that enable the fabrication of optical processing components and 
devices having a A n of greater than about 0.6%. 

C. Embodiments of Damascene Process Sequences 

Figures 6 and 7 are cross sectional views of optical signal processing devices 600 
and 700, respectively, formed using damascene type fabrication processes. In damascene 
technology, the features or structures of a device are etched into an underlying layer and 
then filled with the material out of which the structure or feature is to be formed. This is 
in contrast to conventional techniques which include deposition of bulk material followed 
by patterning and etching of the deposited material to form the structures. In damascene 
type fabrication processes as applied to optical signal component fabrication, a core or 
optical signal propagation pathway 602, 702 is patterned into a cladding material 604, 704, 
which may be the substrate in some embodiments. Next, a suitable core material, selected 
for its optical transmission properties, is deposited into the patterned optical signal 
propagation pathway. The core film may be a doped film such as PSG in a A n ~ 0.6% 
optical device or an undoped film in an optical device having a A n greater than about 
0.6%. In one particular embodiment for a An -0.6% optical device, the core is preferably 
formed from a doped material, such as PSG. 

Damascene type fabrication processes may be employed to pattern an optical 
propagation pathway into a variety of cladding materials. In the embodiment shown in 
Figure 6, a damascene process may be used to pattern a lower cladding layer 604 that is 
deposited over a substrate 606. The lower cladding 604 can be thicker than the core height 
to provide an under layer below the core 602 (as shown in Figure 6). This approach may 
be appropriate when a somewhat thicker cladding layer is desired to prevent the substrate 
from interfering with the optical propagation properties of the core. For example, if the 
substrate were formed from silicon the lower cladding layer 604 may be several microns 
thick or as much as 10 microns thick to isolate the waveguide from the silicon. 



19 



PATENT 

Atty. Dkt AMAT/5621/DISPLAY/AKT/BG 
Express Mail No. EL684620719US 

5 Alternatively, in the case where the substrate has sufficient optical qualities to act 

as a cladding layer, the substrate can serve as the lower cladding so that the core 702 can 
be directly deposited on the substrate (as shown in Figure 7). Alternatively, a much 
thinner lower cladding can be used. The substrate in this case acts as the lower cladding 
below the core while the deposited and patterned lower cladding 704 defines the sidewalls 
10 of the core and can be referred to in these applications as the sidewall cladding. 

In another alternative embodiment where the substrate has sufficient optical quality 
to act as a cladding, the core or optical propagation pathway may be patterned directly into 
the substrate. In this embodiment, the substrate acts a cladding layer having contact with 
the subsequently deposited core on more than one side. 

I 5 During damascene processing operations, the cladding material is patterned and 

etched to define the core or optical propagation pathways within the cladding material. 
Conventional techniques such as dry etching and related lithography processes compatible 
with the materials used to form optical signal processing devices may be used. After 
patterning, the core material is then deposited into the patterned features. The upper 

. 20 surfaces of the cladding layer and the core layer are then planarized to define a generally 
planar upper surface on which an upper cladding layer can be deposited. Planarization 
may be accomplished using etching, chemical mechanical polishing, or other techniques 
known in the art. The upper cladding layer can be a deposited layer or a bonded layer, 
e.g., a sheet of material, such as a substrate, positioned on the upper surface of the lower 

25 cladding and the upper surface of the core layers (as described in detail below). 

In some embodiments of the invention, the optical signal processing devices 
formed comprise a lower cladding having a thickness of between about 10-15jim, a core 
layer having the dimensions of either about 6x6um or about 8x8um, and an upper 
cladding having a thickness of about 10-1 8|im. Smaller device structures can also be 

30 formed using the processes described herein. The processes described herein have the 
capability of forming device structures, e.g., core structures, in the .35jam and smaller 
range. 

Figure 8 illustrates another embodiment of a substrate 800 which is patterned and 
etched to define the core pattern 802 within the substrate itself. Once the pattern has been 
35 formed within the substrate, the core material is deposited within the core pattern. The 
upper surface of the substrate is then planarized, using techniques such as etching (e.g., 
etchback), CMP, and the like, to planarize the upper surface of the deposited core 
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5 channels within the substrate. An upper cladding is then deposited on the upper surface of 
the substrate and the core. Alternatively, an upper cladding 806 may be bonded to the 
upper surface of the substrate and the core. The upper cladding may be a deposited layer 
such as BPSG or other material having a refractive index different than the refractive 
index of the core material. One advantage of forming the core in the substrate and then 
10 utilizing another similar substrate as an upper cladding layer is that the core is surrounded 
by the same material on all sides. When a core is surrounded by similar material on all 
sides the optical signal propagation characteristics of such a core are improved over those 
of a core surrounded by different materials. 

The damascene process described above is not limited to forming a particular core 
15 structure such as the buried core structures illustrated in Figures 6, 7 and 8. It is to be 
appreciated that embodiments of the damascene method described above may also be 
advantageously employed to form other core structures such as, for example, a ribbed core 
structure. Figure 9 illustrates a representative ribbed core structure 900. Ribbed core 
: structure 900 is formed by patterning substrate 905 with the optical signal propagation 
•20 channel 910 that is suitably sized and shaped for ribbed core structures. 

Once substrate 905 is patterned, optical signal propagation channel 910 is filled 
with a suitable core material 915. The suitable core material 915 is provided to a thickness 
920 above the substrate. Core material thickness 920 is selected depending upon the 
optical properties of core material 915, the operating environment of the ribbed core 
25 structure 900 and other factors. In one embodiment of a ribbed core structure 900, core 
material 915 is a material having a high refractive index and the core thickness 920 is 
sufficiently thick that the ribbed core structure 900 of this embodiment may function with 
the air as an upper cladding (i.e., a separate upper cladding material is not deposited, 
bonded, formed or otherwise provided over core layer 915). In an alternative embodiment 
30 of the ribbed core structure 900, core layer 915 is formed as described above and, in 
addition, a cladding layer is deposited over core layer 915. 

It is to be appreciated that the fabrication of the core structure 915 may be 
accomplished by any of the techniques described herein. For example, core 915 could be 
deposited by CVD or PVD deposition techniques or other layer fabrication techniques 
35 described above. Additionally, in situ densification of the deposited core and/or upper 
cladding may also be employed. 

The damascene embodiments described herein are not limited to the large area 
substrates or to the glass panel type substrates. Conventionally sized and shaped 
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5 substrates used in the fabrication of optical signal devices may also enjoy the advantages 
of the damascene fabrication techniques described above and suited to the fabrication of 
optical signal processing devices. 

D. Embodiments of Lamination Process Sequences 

10 Another aspect of the invention provides for the formation of an optical device by 

bonding an upper cladding on the device following fabrication of a core into or on a lower 
cladding. This approach to the formation of optical devices eliminates a deposition 
process and replaces the deposition of an upper cladding with an assembly process. It is 
believed that substrates such as quartz, silica and fused silica, can be used to form the 

15 upper cladding which is bonded on the upper surface of the core and the lower cladding. 
For example, the upper cladding can be assembled on structures formed according to 
damascene sequences as described above. 

In applications where the upper cladding is a bonded piece of material, such as 
another substrate, the upper cladding is bonded, fused or otherwise adhered to the 

20 substrate and the core material, hi one embodiment, the upper cladding can be a second 
substrate comprised of a similar material as the underlying substrate. In a particular 
process sequence where a damascene method is employed to form a core into a substrate, 
the only deposition step required is one to form the core material. As a result, deposition 
of an upper cladding material such as for example, BPSG is eliminated. Along with the 

25 elimination of the BPSG deposition step is the elimination of any flow or reflow processes 
required following deposition of the BPSG.. The result is a fabrication process which has 
fewer steps that may be translated into an increased throughput process sequence. 

As one example, a method of forming an optical device includes depositing a 
lower cladding on a substrate; forming a light propagating channel in the lower cladding; 

30 depositing a core material in the light propagating channel; and bonding an upper cladding 
to the upper surface of the lower cladding and the core. The lower cladding can be made 
of a material selected from the group of USG, undoped silica, or other undoped material 
having desirable optical properties. The upper cladding is bonded to the upper surface of 
the lower cladding and the upper surface of the core using an adhesive having a refractive 

35 index compatible for use with the upper cladding or the lower cladding. One example of 
an adhesive is an epoxy. 
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5 An alternative method of bonding an upper cladding material to the core and 

cladding structure is the method of applying a bulk material and then curing that material 
to leave behind a cladding layer. The use of a liquid/curing technique to form the upper 
cladding layer is particularly useful when the planarity of the upper core and cladding 
surfaces may be less than desired such that the lamination of a single panel cladding as 

10 described above may be impractical. One example to overcome the difficulty introduced 
by non-planar upper core and cladding surfaces may be applying a cladding material 
mixture comprising an inorganic material suspended in a volatile material. After applying 
the cladding material mixture to the core cladding structure, the volatile material is driven 
off leaving the inorganic material in place over the core and cladding structure. The 

15 inorganic material is selected to have a refractive index of suitable magnitude to function 
as a cladding material. It is to be appreciated that an inorganic or organic material may be 
suspended in the volatile material for later use as a cladding material. 

While embodiments have been described herein with reference rectangular and 
square cross section core structures, such as the buried core structure illustrated in Figure 

20 6, for example, core structures having other shapes and processes for forming these core 
structures is also contemplated herein. Figure 10 represents a core structure 1050 having 
an under cladding 1054 formed on a substrate 1052. Subsequent patterning processes are 
used to shape the cross section of core 1056. A cladding layer is then formed over the 
resulting core structure 1056. 

25 Figure 1 1 illustrates another core structure referred to as an over etch core structure 

1170. The over etch core structure 1170 is so named because the core pattern step 
continues through the core layer to the underlying cladding resulting in a core layer 1 172 
formed over a raised cladding layer 1174. Figure 12 represents a ribbed core structure 
1280. In contrast to the over etch core structure 1270, etching/pattering of core structure 

30 1282 results by stepping the etching/patterning process before etching through the core 
layer to the under lying cladding. The pattering/etching process for a ribbed core 
structure, such as core structure 1280, is stopped so that resulting core layer 1282 
comprises a raised section 1284. 

In addition while square or generally rectangular cross section core structure have 

35 been illustrated, it is to be appreciated that other cross section shapes such as faceted 
corners, curved sides and circular cross sections are intended within the scope of the 
invention. 
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